We have successfully synthesized multiwall carbon nanotubes by a low temperature solvothermal approach at 310
Introduction
Since the discovery of carbon nanotubes (CNTs) in 1991 [1] , a worldwide research interest has been stimulated in the synthesis and physical properties of CNTs due to their important applications. For example, carbon nanotubes can be used for hydrogen storage [2] , nanotweezers [3] , etc. To date, considerable efforts have been made to synthesize CNTs. Numerous synthetic methods have been developed for the synthesis of CNTs, such as laser ablation [4] , arc discharge [5] , chemical vapour deposition (CVD) [6] [7] [8] [9] [10] [11] [12] . However, for most of these methods, high reaction temperature and metal catalysts are always needed.
Yoshimura and co-workers synthesized CNTs from polyethylene, ethylene glycol and other sources with and without catalysts under hydrothermal conditions at 700-800
• C and 60-100 MPa [13, 14] . Jiang and co-workers [15] reported a catalytic-assembly solvothermal route to synthesize multiwall carbon nanotubes (MWCNTs) using reduction of hexachorobenzene or tetrachloroethylene by metallic potassium in the presence of Co/Ni catalyser at 350
• C. Very recently, Qian and co-workers [16] reported an ethanol thermal reduction process for the synthesis of CNTs using magnesium in a stainless autoclave at 600
• C. In this paper, we report a low temperature solvothermal approach for synthesis of MWCNTs at 310
• C without the addition of the conventional catalysts such as Fe/Co/Ni, in which the ethoxylated alcohol polyoxyethylene (4) ether (C 12 E 4 ) is used as a carbon source. 1 Author to whom any correspondence should be addressed.
Experimental details
In a typical synthesis, 60 ml hexane, 0.6 ml SiCl 4 , 3 g C 12 E 4 , 6 ml Na (25 wt% dispersion in toluene) were added to a 200 ml flask. The mixtures were stirred in a magnetic stirrer for 10 min, and then transferred to a Parr reactor (model 4750, Parr Company, Moline, IL) with a capacity of 125 ml. The Parr reactor was sealed and then kept at 310
• C for 72 h in a furnace, and then cooled to room temperature. The products were washed with hexane, alcohol and distilled water several times, and then dried in a vacuum oven at 60
• C for 6 h. The number of MWCNTs was estimated to be about 20% of the as-prepared samples via electron microscope observations.
Results and discussion
The morphologies and microstructure of the as-prepared products were characterized with transmission electron microscopy (TEM) and high resolution TEM (HRTEM, JEOL 2010F using an accelerating voltage of 200 kV). MWCNT is straight. The SAED pattern exhibits a pair of small but strong arcs for (002), together with a weak ring for (100) diffractions. The appearance of (002) diffractions as a pair of arcs indicates some orientation of the (002) planes in the CNTs [17] .
Figures 3(a) and (b) show the typical HRTEM images of a bundle and individual MWCNTs, respectively. HRTEM images indicate that MWCNTs have clear graphite layers with defects parallel to the tube axis. The interlayer spacing is about 0.34 nm, corresponding to the (002) plane of graphite [14] .
It is generally accepted that catalysts such as Fe/Co/Ni are necessary for the formation of CNTs. However, in our present experiment, there were no such catalysts added. In TEM observations, we observed many amorphous SiO 2 nanoparticles and a few Si nanocrystals. Amorphous SiO 2 nanoparticles are formed by oxidation of Si nanocrystals, which are formed by reduction of SiCl 4 with sodium. Meanwhile, the NaCl nanoparticles are also formed during the reaction process. We think that the NaCl nanoparticles play a crucial role for the formation of MWCNTs, just as the role acted by Fe/Co/Ni during catalytic synthesis of CNTs. This conclusion can be confirmed by our following experimental observations: first, before washing with water, the solid particle was first observed at the tips of some tubes under TEM observation, and then the solid particle became a ringlike structure in several seconds, resulting from the melting of NaCl under the irradiation of an electron beam. Energy dispersive x-ray (EDS) spectra indicated that the particles are composed of sodium, chlorine and carbon. After washing with water, NaCl particles were dissolved from the tips of the tubes, then a ring-like structure (indicated by arrows in figures 1(b)-(d)) was observed as the cross-section of nanotubes at the tips of some tubes. EDS spectra indicated that these ring-like structures are composed of carbon only. The results indicate that NaCl particles act as a catalyst for nucleation and growth of CNTs in this system. Second, TEM images show that the outer diameters of MWCNTs prepared via the present method are small due to the small size of NaCl particles formed during the reaction. Here amorphous SiO 2 nanoparticles play an important role in forming small size NaCl particles. The NaCl particles do not dissolve into the hexane solvents. When NaCl particles are formed during the reaction, they grow rapidly to large particles without the existence of SiO 2 . The relatively large number of SiO 2 particles in the system greatly decreases the chance of collision between NaCl particles. Instead, NaCl particles are more likely to collide with SiO 2 particles and adhere to them, resulting in the small size of NaCl particles that is critical to the formation of MWCNTs with small outer diameter. Third, the amorphous SiO 2 can be considered as the substrate of the NaCl particles. It has been demonstrated that the interaction between metal catalyst and oxide substrate plays an important role in the synthesis of CNTs by the CVD method [18] . In the present experiment, the interaction between NaCl and SiO 2 may play the same important role in the formation of MWCNTs. A detailed study of the growth mechanism of the MWCNTs is underway.
In the absence of the ethoxylated alcohol C 12 E 4 , no CNTs were observed, indicating that the carbon source in the present system comes from the decomposition of the ethoxylated alcohol C 12 E 4 . Further studies on the effects of synthetic conditions and different carbon sources on the growth and yield are in progress.
Conclusions
In conclusion, we have successfully synthesized MWCNTs via a low temperature solvothermal process at 310
• C without the conventional catalysts of Fe/Co/Ni, in which the ethoxylated alcohol C 12 E 4 was used as the carbon source. Because there is no Fe/Co/Ni involved, there is no contamination of Fe/Co/Ni, which is promising for the production of high purity MWCNTs.
